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(54) Light emitting diodes 

(57) Organic light emitting diodes having a transpar- 
ent cathode structure are disclosed. The structure com- 
prises a low work function metal in direct contact with 
the electron transport layer of the OLED covered by a 
layer of a wide bandgap semiconductor. Calcium is the 
preferred metal because of its relatively high optical 
transmissivity for a metal and because of its proven abil- 
ity to form a good electron injecting contact to organic 
materials. ZnSe, ZnS or an alloy of these materials are 
the preferred semiconductors because of their good 
conductivity parallel to the direction of light emission, 
their ability to protect the underlying low work function 
metal and organic films and their transparency to the 
emitted light Arrays of these diodes, appropriately 
wired, can be used to make a self-emissive display 
When fabricated on a transparent substrate, such a dis- 
play is at least partially transparent making it useful for 
heads- up display applications in airplanes and automo- 
biles. Such a display can also be fabricated on an 
opaque substrate, such as silicon, in which previously 
fabricated devices and circuits can be used to drive the 
display. 
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Description 



The general f ield of this invention is that of electro- 

relates to a transparent cathode structure for organic 
light emitting diodes. .„,„ rihoH in 

Organic light emitting diodes (OLEDs) described in 
the prior art are fabricated on glass substrates and their 
S electrode is the transparent conductonnd-um tn 
oxide (ITO). The top electrode for these devices is 
opaque so that light from the electrolum.nescent reg on 
i, be viewed only from the glass ^^^ffT 
is the structure recently reported by V. Butov* et aL .n 
Nature 380, 29 (1996) in which the cathode metal is 
Sned during the subsequent ITO deposition and 
made partially transparent. 

An OLED display on an opaque substrate or a 
transparent OLED display on a transparence 
requires a top electrode structure that sat.sf.es the fol- 
X aLia: (D be transparent to the LED em.ss.on. 
^ov Je a low series resistance current injector unto 
the LED active region. (3) provide suffiaentiyl ^.gh lat- 
eral conductivity in the plane of the electrode when 
these diodes are formed into twoKiimensional arrays to 
make self-emissive displays, (4) act as a protective I Irn 
to the chemically and physically delicate underly ng 
organic f ilm, and (5) be able to be depos-ted .n a ben.gn 
fashion without damaging the organic layer on wh.ch rt 
is deposited so that the integrity of the organ* 
layerSectrode interface is preserved. The aamnwi 
transparent electrode material indium t«n ox.de OTO). 
often used as an anode in OLEDs, sat.sf.es requ.re- 
ments 1-4. but it is typically deposited in ar .oxygen 
plasma environment that causes damage to theorg^ 
region in the OLED device structure and therefore does 
not satisfy (5). The same is true for GaN as anelec- 
trode. Criterion (5) is actually the most cruciaT «nc» 
although there are several transparent conductive 
materials, nearly all involve plasmas or high ^process.ng 
temperatures which irreversibly damage the organic 
light emitting material. 

Accordingly, the invention provides an organic light- 
emitting diode comprising, in sequence, a substrate an 
anode structure, an organic electroluminescent region, 
and a cathode structure, the cathode structure compris- 
ing a thin metal layer in direct contact with *e organ* 
medium and covered by a protective layer of a wide 
bandgap semiconductor. ^:«„„ a i 
IrVa preferred embodiment, there is an additional 
conductive layer on top of the wide bandgap semicon- 
ductor, said additional conductive layer comprising a 
non-reactive metal layer, typically made of aluminum or 
a transparent conductive material such as .nd.um tin 
oxide or aluminum doped zinc oxide. The thin metal 
layer o« the cathode structure is formed from a tow work 
function metal such as calcium or is an alloy o two» 
more metals containing at least one low work function 
metal, such as an alloy of magnesium and silver. The 



wide bandgap semiconductor is formed from the fam.ly 
of compounds constituted from the column two and col- 
umn sTelernents of the periodic tabie 
selected from the group cons.st.ng of ZnSe, ZnS and 
s ZnS^.x. where the ZnS^ may be n-type or p- 
type doped. . 

Also in the preferred embodiment, the anode is a 
transparent conductor, such as indium tin ox.de. and/or 
a higS workfunction metal, for example n*ke platinum 
10 or palladium, or an alloy of two or more metate corrtam- 
L at least one high work function metal. The organic 
electroluminescent region consists of a single organ* 
electroluminescent layer, or a stack of organic layers 
including at least one electroluminescer « ayerand an 
„ electron transporting layer wherein sad thin metal layer 
is in direct contact with the electron transporting layer 
The material of said substrate is preferably selected 
rom the group consisting of glass, plastic, and silicon 
Sdmay be tiansparent, semi-transparent or opaqueas 
20 desired. The substrate is preferably flexible. 

A display device may be formed from an array of 
oroanic light emitting diodes as described above. Typ.- 
Sy the Lie electrodes for all OLEDs along a row are 
electrically connected together and the opposite elec- 

25 collet* togefrer so that each OLED is selected by 
applying a voltage to one row line and one column hne. 
Sferably the substrate of the diodes .s a single crystal 
of silicon in whteh circuits that control the , hght emitted 
30 from each of the OLEDs in the array are formed prior to 
the formation of the array. 

Thus as described above organic light em.tt.ng 
diodes (OLEDS) may be formed having a transparent 
cathode formed on either transparent or opaque. sub- 
as strates When fabricated on a transparent substrate, 

parent and when fabricated on an opaque substrate 
SaU devices and circute. this produces a display 
viewable from the cathode side. 

The 



40 



thin film of a low work function metal C«*-£j2 
covered by a wide bandgap semiconductor (such as 
zTsT^h components can be thermally evaporated 
in the same system used to deposit the organ* f.Uns 
„ without damaging them chemically ^or 

wide bandgap semiconductor protects both the orgamc 
S « TSow work function (and reactive) metal^ him 
during subsequent deposition of other materials such 
« TO whichcan be added to increase lateral conduc- 
50 tivity T^e thin metal film determines the electron iniec- 
7on efficiency and prevents the ZnSe from diffusing into 
the organic electroluminescent layer. 

Thus organic light emitting diodes as described 
herein generally have a transparent cathode structure 
5S m comprises a low work function meta in dirg con- 
tact with the electron transport layer of the OLED cov 
red by a layer of a wide bandgap semiconductor. 
cTcium is the preferred metal because of its relatively 
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high optical transmissivity for a metal and because of its 
proven ability to form a good electron injecting contact 
to organic materials. ZnSe, ZnS or an alloy of these 
materials are the preferred semiconductors because of 
their good conductivity parallel to the direction of light 
emission, their ability to protect the underlying low work 
function metal and organic films and their transparency 
to the emitted light. Arrays of these diodes, appropri- 
ately wired, can be used to make a self-emisave dis- 
play. When fabricated on a transparent substrate, such 
a display is at least partially transparent making it useful 
for heads-up display applications in airplanes and auto- 
mobiles. Such a display can also be fabricated on an 
opaque substrate, such as silicon, in which previously 
fabricated devices and circuits can be used to drive the 
display. 

Preferred embodiments of the invention will now be 
described in detail by way of example only with refer- 
ence to the following drawings: 

Fig. 1 shows a prior art OLED structure on a glass 
substrate with an opaque metal cathode on top 
wherein light is emitted from the glass side only. 

Fig. 2 shows schematically a preferred embodiment 
of the OLED structure of the invention with a trans- 
parent cathode. 

Fig. 3 shows an OLED device with a Ca/ZnSe cath- 
ode and a thin partially transparent aluminum top 
layer. 

Fig. 4 is a graph of the electrical characteristics for 
three different diodes having the structure shown in 
Fig. 3. 

Fig. 5A shows schematically electrical conduction 
along the film for a columnar polycrystalline micro- 
structure and 5B shows electrical conduction per- 
pendicular to the film thickness for the same 
microstructure. 

Fig. 6 shows schematically high lateral and perpen- 
dicular electrical conduction in an ITO/ZnSe stack. 

Fig. 7 shows schematically a OLED structure hav- 
ing a transparent cathode. 

Fig. 8 shows schematically OLED arrays for dis- 
playing an image with Fig. 8A being that of a pas- 
sive matrix having an OLED at the crosspoint of 
each row and column line and Fig. 8B being that of 
an active matrix with a current regulating circuit at 
the crosspoint of each row and column line. 

An example of the structure of a prior art OLED 10 
is shown in Fig. 1 . The substrate 12 is glass, and an ITO 
film 14 is deposited directly on the glass and patterned 
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to form an anode. For efficient operation the organic 
region commonly consists of several layers and shown 
in Fig 1 are a hole injection layer 16. a hole transport 
layer 18 and an electroluminescent (EL) layer 20, which 
doubles as an electron transport layer. EL layer 20 is the 
metal chelate tris(8-hydroxyquinoline) aluminum, 
(sometimes abbreviated Alq or Alq3). and the hole 
transport layer is an aromatic diamine. The metal alloy 
MgAg is deposited on top of the organic layers to form a 
cathode 22 which is opaque for thicknesses greater 
than approximately 10 nm. Not shown is a hermetic seal 
that is sometimes used to protect the cathode from 
moisture. 

The EL layer in the structure of Fig. 1 is a member 
of the class of organic materials known as molecular 
organics because they can be thermally evaporated as 
molecules. Polymers form another class of organic 
materials exhibiting electroluminescence and are usu- 
ally applied by spin coating. Polymer OLEDs also are 
commonly made on glass substrates using an ITO 
anode and have an opaque cathode (usually a low work 
function metal such as calcium) so that light is emitted 
from the glass side only. They may also employ multiple 
polymer layers to improve operating efficiency. 

Figure 2 illustrates schematically an OLED having a 
transparent cathode 40 in accordance with the present 
invention. If the OLED is formed on a glass substrate 32 
with an ITO anode 34, as in the prior art, light is now 
emitted from both sides, and the OLED is at least par- 
tially transparent. A viewer looking at a display consist- 
ing of an array of such OLEDs could either focus on the 
image presented on the display or could look through 
the display at the scene beyond. On the other hand, a 
display formed on an opaque substrate, such as silicon, 
and using OLEDs with a transparent cathode could be 
viewed by looking at the light emitted from the cathode 
side. Fabricating an OLED display on silicon is advanta- 
geous because the devices and circuits can be formed 
in the silicon prior to depositing the OLED on the silicon, 
and these devices and circuits can be used to make an 
active matrix display with integrated drivers. 

Fig. 3 shows the cross section of an OLED device 
50 with a Ca/ZnSe cathode. ITO anode 54 has been 
deposited on glass substrate 52. The organic stack 56 a 
consists of three organic f ilms, all thermally evaporated* ' \ \ i 
12 nm of copper phthalocyanine (CuE£l58. followed by Vyv 
60 nm of the diamine NPB (4,4'-Bis [N-(1-naphthyl)-N- /w 
phenylaminol-biphenyl) 60. followed by 60 nm of AJq 62. 
The thin (5 nm) calcium film 64 and the ZnSe film 66 (20 
nm) are thermally evaporated in the same chamber as ^ 
the organic stack 56. In this device a thin (5nm) Al film 
68 also thermally evaporated, was used to connect the 
cathode structure to an TO pad (not shown), which 
served as a contact to the power supply. 

As we have demonstrated, light emission from such 
an OLED having the cross section shown in Fig. 3 is 
from both the top and th bottom (i.e.. from both sides of 
the diode) since both anode and cathode are transpar- 
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saJaC cathode e.ectrode by meeting ft. « «£ 
mentsof transparency ^^^^ 
series resistance, formation of a P^f^^j™! 
damage free deposition process. Below, each require 
ment is considered individually. 

(1 ) Transparency to LED light emission: 

Generally wide band gap semiconductors from the 
to^TSS* constituted from column mm* 

use in suchOLEDS. In particular. ZnS » ha "£™ 
of 2.7 eV and is therefore transparent to emission wave 
lengths down to about 460 nm. Thus P« 
thickness of 10-20 nm is adequate for nrt! jeen and 
blue LEDs in terms of transparency. The ^ system 
Zntse, . x where the band gap can be wwjHjm 2.7- 
3.7 eV, may be used for violet or ultra-violet LEDs. 

(2) Damage free deposition process: 

Organic materials such as the ones 
are especially sensrtive to gas 
in terms of physical and chermcal damage. As men 
tioned earlier, this precludes 
raw directlv onto the organic surface. Plasma deposi 

which the deposition takes place. A damage free 
organic/electrode interface is thus proved- TypicaHy 
the ZnSe has to be heated up to about 75M00C £r 
adequate evaporation and if the source is ^kept stably 
faraway from the Alq substrate, radiative heating of the 
25ft negligiSe. To prevent thermal damage £ 
the Alq ZnSe deposition has to be earned out wrth he 

SS33533S 

thermally evaporated ZnCfe. In this case, the ZnCfe « 
ZZ I about 220C. ZnSe o< -^"J* £ 
alloyed wide bandgap semiconduct £ 
thus be deposited without damage to Alq or Alq/Ca sur 
Tes of OlIds and the process is therefore bemgn. 



(3) Achieving high parallel and perpendicular conductiv- 
ity: 

As is the case for low temperature deposited films. 
« » is ejected that room temperature deposition of ZnSe 

S grains perpendicular to the f«m 

ZncT 3 was grown on a Si substrate coated wrth a 200 
„ nmflrnd Al. Once the ZnSe film was deposited 0.5 

ZS» through the ZnSe film was m~mL 
eating that the series resistance of a still thinner^ mm 
arown on the organic stack as part of an OLED struc 
grown um » i-jo-h when a 20 nm film of 
* ture would be negligibly Weed . wh, *n a 
7n c 0 wa s arown on 5 nm ot oa aiop an v.y 
SahTem^ion was observed owing to the poor lat- 

the high lateTconductivity of the Al. 
me ZnSe resulted in brightly lit diodes with Ugh em.* 

^jTrtf ») me due to the t**» IW 

o r + R „ since the conduction is across the 

Ru. .«a,h.the net resistance R-Rb*. resulting in_ - 
^ =^n? e to be a good perpendicular current injector 
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injection of electrons from the ZnSe into the Alq is also 
assisted by the 5 nm Ca layer, which serves multiple 
purposes. The calcium acts as a diffusion barrier, pre- 
venting the deposited ZnSe from diffusing into the 
rather porous Alq. It also acts as an adhesion layer 
since its reactive nature results in a layer which reacts 
strongly with the Alq on one side and the ZnSe film on 
the other. Finally, the low 2.9 eV work function of the Ca 
enhances electron injection from the ZnSe into the Alq 
layer. 

Following 10-20 nm of ZnSe deposition, a metal 
layer thin enough to ensure partial transparency or a 
thick ITO layer may be deposited to provide the lateral 
conductivity across the diode. The latter case is shown 
in Fig. 6. Such a stack thus provides both parallel and 
perpendicular conductivity. The presence of the protec- 
tive ZnSe prevents damage to the underlying organics 
during the metal or ITO deposition. 

(4) Formation of a protective film: 

The ZnSe film is protective in two respects. Firstly, 
it protects the underlying organic layers from plasma 
damage during subsequent metal or ITO deposition. 
The 10-20 nm ZnSe thickness is adequate for that pur- 
pose. Secondly, ZnSe deposition in the manner 
described above results in a layer that is uniform and 
non-porous in nature. It therefore acts as a good barrier 
to contamination from the environment which is highly 
desirable since the organic materials are moisture sen- 
sitive. 

Fig. 7 summarizes the general structure of such an 
OLED 70 with a transparent or opaque substrate 72, 
high work function anode 74, organic electrolumines- 
cent region 76 comprised of a single or multiple layers, 
a transparent cathode 78 consisting of a thin Ca metal 
film, a layer of ZnSe, ZnS or an alloy of these materials 
and a conductive top layer 80 of ITO. 

A display device is formed by fabricating many iden- 
tical OLEDs on a monolithic substrate arranged into a 
two-dimensional array and providing the means of con- 
trolling the light emission from each diode. Generally, 
the image is formed a line at a time. In Fig. 8A (passive 
matrix approach), for example, the selected row line 90 
is brought to a positive voltage V r while all unselected 
row lines 92 remain at ground. A voltage V ci is applied 
to each column line 94, 96 where i is the column line 
index and runs from 1 to the maximum number of col- 
umn lines. The forward bias on OLEDs 98, 100 along 
the selected row line 90 is then V r -V ci and this voltage 
determines the amount of light emitted. All other OLEDs 
102, 104 are reverse biased and emit no light. 

For the array shown in Fig. 8A, an OLED emits light 
only when its row line is accessed and this can produce 
flicker in high information content displays. This is rem- 
edied by the array shown in Fig. 8B (active matrix 
approach) wher a circuit 106 included at each cross 
point is used to sample the column line voltage and hold 



it while the other row lines are accessed. In this case all 
diodes share a common cathode. Because these cir- 
cuits need to be small and fast, it is convenient to fabri- 
cate them in single crystal silicon. In this second case, 
5 the substrate is opaque and a transparent cathode is 
required to view the image. 

Claims 

w 1. An organic light-emitting diode comprising, in 
sequence, a substrate (32), an anode structure 
(34), an organic electroluminescent region (36), 
and a cathode structure, the cathode structure 
comprising a thin metal layer (38) in direct contact 

is with the organic medium and covered by a protec- 
tive layer (40) of a wide bandgap semiconductor. 

2. The diode of claim 1 having an additional conduc- 
tive layer (68) on top of the wide bandgap semicon- 

20 ductor, said additional conductive layer comprising 
a non-reactive metal layer. 

3. The diode of claim 2 wherein said metal of said 
non-reactive metal layer is aluminum. 

25 

4. The diode of claim 1 having an additional conduc- 
tive layer (68) on top of the wide bandgap semicon- 
ductor, said additional conductive layer comprising 
a transparent conductive material. 

30 

5. The diode of claim 4 wherein said conductive mate- 
rial is indium tin oxide. 

6. The diode of claim 4 wherein said conductive mate- 
35 rial is aluminum doped zinc oxide. 

7. The diode of any preceding claim in which the thin 
metal layer of the cathode structure is a low work 
function metal. 

40 

8. The diode of claim 7 wherein said low work function 
metal is calcium. 

9. The diode of any of claims 1 -6 in which the thin 
45 metal layer of the cathode structure is an alloy of 

two or more metals containing at least one low work 
function metal. 

1 0. The diode of claim 9 wherein said alloy is an alloy of 
so magnesium and silver. 

11. The diode of any preceding claim in which the wide 
bandgap semiconductor is from the family of com- 
pounds constituted from the column two and col- 

55 umn six elements of the periodic table. 

12. The diode of claim 11 in which the wide bandgap 
semiconductor is a semiconductor selected from 
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27. The display device of claim 25 or 26 as dependent 
on claim 23, in which the substrate of the diodes is 
single crystal silicon in which circuits have been 
formed prior to the formation of the array. 

28. The display device of claim 27 in which said circuits 
control the light emitted from each of the OLEDs in 
the array. 



16. The diode of claim 15 wherein said conductor is 
indium tin oxide. 

1 7. The diode of any of claims 1 -1 5 in which said anode is 
is a high work function metal. 

1 8. The diode of claim 1 7 wherein said metal is a metal 
selected from the group consisting of nickel, plati- 
num and palladium. 20 

1 9. The diode of any of claims 1 -1 5 in which said anode 
is an alloy of two or more metals containing at least 
one high work function metal. 

25 

20. The diode of any preceding claim in which the 
organic electroluminescent region consists of a sin- 
gle organic electroluminescent layer. 

21 . The diode of any of claims 1 -1 9 in which the organic 
electroluminescent region consists of a stack of 
organic layers including at least one electrolumi- 
nescent layer and an electron transporting layer 
wherein said thin metal layer is in direct contact with 
the electron transporting layer. 

22. The diode of any preceding claim in which the sub- 
strate is transparent. 

23. The structure of any of claims 1-21 in which the 40 
material of said substrate is one selected from the 
group consisting of glass, plastic, and silicon. 

24. The structure of any of claims 1-22 in which the 
substrate is flexible. & 

25. A display device comprising an array of organic 
light emitting diodes as claimed in any preceding 
claim. 

50 

26. The display device of claim 25 in which the same 
electrodes for all OLEDs along a row are electrically 
connected together and the opposite electrodes for 
all OLEDs along a column are electrically con- 
nected together so that each OLED is selected by 55 
applying a voltage to one row line and one column 
tine. 



the group consisting of ZnSe, ZnS, and ZnSxSe^x- 

13. The diode of claim 12 wherein said ZnSxSe^ is n- 
type doped. 

5 

14. The diode of claim 12 wherein said ZnSxSe^* is p- 
type doped. 

15. The diode of any preceding claim wherein said 
anode is a transparent conductor. 10 
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